To develop an advanced recovery process of uranium from seawater using a macroporous fibrous polymeric material containing amidoxime chelating functional groups (FPAO), the static-and dynamic-state adsorption behaviours of U(VI) ions onto a new type of FPAO were investigated at pH 6.0. It was found that the flow rate and the column specification had a distinct influence on the adsorption of U(VI) ions onto FPAO. When the flow rate was varied from 0.95 ml/min to 3.75 ml/min, the amount of U(VI) ions adsorbed decreased from 379.3 mg/g to 340.6 mg/g while the corresponding equilibrium time diminished from 41.2 h to 10 h. When two types of column of different diameter (F) and height (h) were employed, viz. F 9.4 mm ´h 525 mm and F 15.5 mm ´h 290 mm, the amounts of U(VI) ions adsorbed and the corresponding equilibrium times were 340.6 mg/g and 10 h and 325.9 mg/g and 13.6 h, respectively, at a constant flow rate of 3.70 ml/min. The use of hydrochloric acid as an eluant for U(VI) ions was also examined by varying its concentration, elution flow rate and the column dimensions. Hydrochloric acid eluted U(VI) ions effectively from the loaded FPAO when employed in the concentration range 0.5-1.0 M. The percentage recovery of U(VI) ions calculated under all elution conditions was greater than 99%.
INTRODUCTION
As UO 2 (CO 3 ) 4-development of new types of highly selective adsorbents with a strong adsorption capability and stability capable of repeated use in recovery processes (Hirotsu et al. 1988; Zhang 1995) .
The recovery of uranium from seawater has been widely studied recently and tested either theoretically or practically using various inorganic and organic adsorbents. An organic adsorbent, especially one consisting of a fibrous polymeric material containing amidoxime chelating functional groups synthesized from a crosslinked commercial poly(acrylonitrile) fibre by irradiation-induced graft polymerization, was found to be superior to the granular variety because of its greater adsorption velocity, excellent mechanical strength capable of resisting oceanic movement or friction and its lower probability of entrapment in the adsorption unit (Suzuki et al. 1987; Kawai et al. 2000; Omichi et al. 1985 Omichi et al. , 1986a Omichi et al. , 1987 Kusakabe et al. 1994) .
Many practical attempts at recovering uranium from seawater by methods employing towing, mooring and oceanic currents, etc. have been attempted by immersing the adsorbent into seawater for a given time period. Such work led to much data and progress in this field (Takagi et al. 1997 (Takagi et al. , 2000 Takada et al. 1991; Saito et al. 1988 Saito et al. , 1990 Katakai et al. 1998; Goto et al. 1993a ). Based on these investigations, mathematical models for the adsorption of U(VI) ions from seawater onto FPAO under various conditions have been proposed and applied (Nakamura et al. 1995; Morooka et al. 1990 Morooka et al. , 1991 Goto et al. 1992; Egawa et al. 1993 ). In addition, the elution behaviour of uranium and other metal ions from the loaded adsorbent using different inorganic and organic acids such as hydrochloric acid, sulphuric acid, nitric acid, oxalic acid, citric acid, etc. has been widely studied (Katakai et al. 1999; Saito and Furusaki 1997; Hirotsu et al. 1986 Hirotsu et al. , 1987 Goto et al. 1993b; Asakura et al. 2002) . It was found that uranium can be eluted through the use of some selected inorganic acids and separated from metal ions such as Fe(II, III), Ni(II), Zn(II), Cr(III), Cu(II), Ca(II), Mg(II), Mn(II) and V(V), etc. Hence, for these various reasons, this kind of fibrous adsorbent is considered to be a most promising material for the recovery of uranium from seawater (Sugo 1999) .
Recently, a new type of fibrous polymeric material containing amidoxime chelating functional groups called FPAO has been synthesized at the Japan Atomic Energy Research Institute (JAERI) using the novel method of irradiation-induced graft polymerization. The adsorption properties and the kinetics of FPAO towards U(VI) ions were studied in detail by batch experiments, allowing the kinetic rate equation for the adsorption process and some typical adsorption parameters to be obtained (Asakura et al. 2002; Zhang et al. 2003) . The application of the Langmuir and Freundlich adsorption isotherm equations was also demonstrated. In the present work, a deeper understanding of the feasibility of applying FPAO for the recovery of U(VI) ions from seawater has been attempted via studies of its adsorption and elution under various conditions employing an FPAOpacked column at pH 6.0.
EXPERIMENTAL

Reagents
The new type of fibrous and polymeric adsorbent containing amidoxime chelating functional groups (FPAO) used in the experiment was provided by the Takasaki Research Establishment, Japan Atomic Energy Research Institute. The average content of the amidoxime chelating functional groups in FPAO was ca. 3.61 mmol/g. The adsorbent was cut into small square-shaped pieces of different size, conditioned with 2.5% KOH solution at 80°C for 60 min, washed with distilled water until the latter exhibited a pH value of 7.0 and then fully equilibrated with a solution of pH 6.0 before use. The various concentrations of U(VI) ion solutions were prepared from a stock solution at the NUCEF Laboratory of Japan Atomic Energy Research Institute. Other reagents employed in the experiments were of analytical grade and used without further purification.
Static-state adsorption of U(VI) ions
A weighed amount of FPAO as the solid phase was pre-equilibrated using a U(VI) ion-free solution at a given pH value for at least 24 h, then removed from the equilibrating solution, mixed quickly with a U(VI) ion solution of known pH value in a 50-ml ground glass-stoppered flask and shaken mechanically at 160 rpm for a desired time length in a thermostatted water bath at 25°C. Preliminary studies showed that the adsorption equilibrium of U(VI) ions onto FPAO was established in 30 min. Thus, in order to fully attain adsorption equilibrium, the contact time used in the experiment was extended to 60 min. The pH values of the various suspensions were controlled by the addition of two kinds of buffer solutions, i.e. ClCH 2 COOH-ClCH 2 COONa and Na 2 B 4 O 7 -H 3 BO 3 -NaCl, respectively. The ionic strength of the aqueous phase was maintained at 0.1 M (M = mol/dm 3 ) by the addition of a stock solution of sodium chloride. The amount of U(VI) ions adsorbed (Q t ) onto FPAO was calculated from the relationship:
where C 0 and C t are the concentrations of U(VI) ions in the system initially and after a time t, respectively, while V and W are the volume of the aqueous phase and the weight of dry FPAO, respectively. The concentrations of U(VI) ions in the aqueous phase initially and after a time t were measured using an ICP-AES atomic emission spectrometer.
Dynamic-state adsorption of U(VI) ions
The two types of columns employed, viz. F 9.4 mm ´h 525 mm and F 15.5 mm ´h 290 mm, were packed with a weighed amount of FPAO adsorbent to heights of 430 mm and 150 mm, respectively, and then fully pre-equilibrated with a dilute solution of HCl at pH 6.0 in the absence of U(VI) ions. A feed solution containing U(VI) ions at a pH of 6.0 was then passed through the columns at room temperature at flow rates of 0.95 ml/min, 2.01 ml/min, 2.45 ml/min and 3.75 ml/min, respectively. Effluent aliquots (10 ml or 50 ml) were taken from the columns at known time intervals and their U(VI) ion content analyzed. The adsorption procedure was allowed to proceed until the concentration of U(VI) ions in the effluent was equal to that in the feed solution, thereby demonstrating that adsorption equilibrium of U(VI) ions onto FPAO had been attained. The ionic strength of the feed solution was maintained at 0.1 M throughout.
The adsorption columns were subsequently washed twice with 50 ml of an aqueous solution similar to the feed solution maintained at pH 6.0 but without any U(VI) ion content in order to eliminate any remnants of U(VI) ions contained in adsorbent gaps. They were then eluted with HCl solution until the concentration of U(VI) ions in the effluent was virtually zero. HCl concentrations of 1.0 M and 0.5 M, respectively, were employed for this purpose at flow rates of 0.95 ml/min and 1.95 ml/min, respectively. The concentration of U(VI) ions in the various effluent fractions was measured by spectrophotometric methods as mentioned above. Based on the concentration of U(VI) ions in the effluent and its volume, the recovery percentage and the amount of U(VI) ions desorbed from FPAO were calculated.
RESULTS AND DISCUSSION
Static-state adsorption studies
Influence of pH on the adsorption of U(VI) ions
The effect of pH value on the adsorption of U(VI) ions onto FPAO was investigated at fixed concentrations of U(VI) ions, ionic strength and other conditions (as described below). The results obtained are depicted in Figure 1 . As can be seen from the figure, increasing contact time led to an increase in the amount of U(VI) ions adsorbed onto FPAO at all pH values within the range 2.0-6.0. This indicates that the adsorption process involved the release of H + ions to allow the firm complexation of the U(VI) ions to FPAO via the process (Cinneide et al. 1975; Katragadda et al. 1997; Omichi et al. 1986b ):
Hence, increasing the pH value of the aqueous phase should increase the adsorption of U(VI) ions onto FPAO. However, the amount of U(VI) ions adsorbed obviously decreased when the pH was greater than 6.0, especially when pH > 8.0. This may be due to the decomposition of FPAO with
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On the other hand, a reaction involving the decomposition of RC(NH 2 )NOH into RC(OH)NOH in weakly basic solution has also been suggested (Riveros 1990 ):
A further reason could be the obvious decrease in the available concentration of the amidoxime chelating functional groups in FPAO in a weakly basic solution, resulting in a decrease in the amount of U(VI) ions adsorbed because of the formation of RCOOH or RC(OH)NOH. Yet another reason could be the hydrolysis of the U(VI) ion itself in weakly basic solutions. Thus, it is well known that U(VI) ions are capable of hydrolysis forming a series of different species as the basicity of the aqueous solution increases. In this context, the formation of the anionic species [UO 2 (OH) 3 ]or the neutral species [UO 2 (OH) 2 ] is possible and may be responsible for the decrease in the amount of U(VI) ions adsorbed at pH > 6.0. The obvious precipitation of U(VI) ions at pH values greater than 8.5 provides support for this suggestion and for this reason a pH value of 6.0 was chosen as the optimum value at which to study the adsorption of U(VI) ions onto FPAO.
Influence of adsorbent size
Normally, the size of the adsorbent has a noticeable effect on the adsorption of metal ions. In order to understand the effect of FPAO size on the adsorption of U(VI) ions, three kinds of FPAO were prepared and studied at a constant pH value of 6.0. An ionic strength of 0.1 M and a U(VI) ion concentration of 113.2 ppm were employed and the results obtained are illustrated in Figure 2 . As seen from the figure, the concentration of U(VI) ions in the aqueous phase quickly decreased in all cases as the contact time increased, thereby illustrating the strong adsorptive reaction which occurred between U(VI) ions and FPAO. However, the adsorptive capacities of the various sizes of FPAO towards U(VI) ions were quite different and obeyed the order: 2 ´2 mm > 3 ´4 mm > 6 ´6 mm. In other words, the smaller the adsorbent size, the greater the adsorption capacity of FPAO towards U(VI) ions. For this reason, an adsorbent size of 3 ´4 mm was chosen for use in subsequent experiments.
Dynamic-state adsorption studies
Influence of flow rate on the adsorption of U(VI) ions
To investigate the dynamic-state adsorption properties of U(VI) ions using this new type of adsorbent and to compare the influence of flow rate on its adsorption onto FPAO, four separate Figure 3 where the data relating to the four separate columns are denoted as 1, 2, 3 and 4, respectively. The amount of U(VI) ions adsorbed onto FPAO increased as the volume of the feed solution increased, with the total accumulated amount adsorbed being always greater than 300 mg/g dry FPAO in all cases. This indicates that the fibrous FPAO exhibited a strong adsorption capacity towards U(VI) ions at pH 6.0. On the other hand, as the flow rate increased, the amount of U(VI) ions adsorbed gradually decreased. Thus, for example, when the flow rate was increased from 0.95 ml/min to 3.75 ml/min, the total accumulated amount of U(VI) ions adsorbed decreased from 379.3 mg/g dry FPAO to 340.6 mg/g dry FPAO. This shows that the slower the flow rate, the higher the total accumulated amount of U(VI) ions adsorbed. The related adsorption parameters of FPAO towards U(VI) ions are listed in Table 1 . The adsorption of U(VI) ions onto FPAO under the conditions employed was not as rapid as expected because of the high amount of feed solution employed as indicated in Figure 3 . The reason for this behaviour may be the slow diffusion of the U(VI) ion inside the FPAO structure (Zhang et al. 2003) . With crosslinked fibrous adsorbents of high molecular weight and a crowded structure such as FPAO, the hydrous U(VI) ion diffuses with difficulty from the adsorbent surface to its interior because of the extended ionic atmosphere and large ionic volume. Hence, the diffusion of the U(VI) ion may be the rate-controlling step in the adsorption process. Increasing the diffusion rate of U(VI) ions inside the FPAO structure could provide an effective pathway for the adsorption of U(VI) ions. Further detailed investigations need to be undertaken on this point.
Influence of column dimensions on the adsorption of U(VI) ions
To study this aspect, two different types of adsorption column of dimensions F 9.4 mm ´h 525 mm (denoted as column 1) and F 15.5 mm ´h 295 mm (denoted as column 2) were employed maintaining the flow rate, pH value and the concentration of U(VI) ions in the feed solution at values of 3.60 ml/min, 6.01 and ca. 446 ppm, respectively. Their influence on the adsorption of U(VI) ions onto FPAO was investigated at room temperature. The related results are shown in Figure 4 . As shown, column 1 attained adsorptive equilibrium much faster than column 2 when the feed solution was introduced into both columns at the same pH value and flow rate. The amount of U(VI) ions adsorbed in column 1 (340.6 mg/g dry FPAO) was also higher than that for column 2 (325.9 mg/g dry FPAO), indicating that the adsorption conditions for U(VI) ions onto FPAO were slightly better in column 1 than in column 2. Hence, the longer the length and smaller the diameter of a given column, the greater the adsorption capability of FPAO towards U(VI) ions. Some of the corresponding adsorption parameters are listed in Table 2 .
Dynamic-state elution studies
Influence of flow rate on the elution of U(VI) ions
The influence of flow rates of 0.96 ml/min and 1.92 ml/min (indicated as cases 1 and 2) on the elution properties of U(VI) ions was investigated using 1.0 M HCl as the eluant with a column of dimensions F 9.4 mm ´h 525 mm. The results obtained are shown in Figure 5 and indicate that the amount of U(VI) ions desorbed initially increased rapidly with increasing volume of HCl and then rapidly decreased. Such behaviour was independent of the flow rate. The desorbed quantity of U(VI) ions in the effluent approached zero when the total volume of 1.0 M HCl added was ca. 75 ml, indicating all of the U(VI) ions loaded onto FPAO had been eluted completely. The corresponding percentage recoveries of U(VI) ions were calculated as 99.02% for a flow rate of 0.96 ml/min and 99.08% for a flow rate of 1.92 ml/min.
Since the elution curves for U(VI) ions were quite similar irrespective of the flow rate of eluant, the influence of the latter on the desorption of U(VI) ions under the experimental conditions employed appeared insignificant. However, under actual operational conditions, the use of a higher flow rate would appear to be more favourable for the elution of U(VI) ions because of possible minimization of the quantity of waste generated. Some of the elution parameters for U(VI) ions by 1.0 M HCl solution at different flow rates are listed in Table 3 .
Influence of acidity on the elution of U(VI) ions
The influence of HCl concentration, i.e. 0.5 M and 1.0 M (noted as cases 2 and 3), on the elution of U(VI) ions from FPAO adsorbent was studied at a constant flow rate of ca. 1.9 ml/min employing a column of dimensions F 9.4 mm ´h 525 mm in both cases. The results obtained are shown in Figure 6 . As can be seen, irrespective of the acidity of the feed solution, the desorbed amount of U(VI) ions present in the effluent increased sharply with increasing volume of HCl eluant to attain a maximum value, then decreased rapidly to finally approach a zero value. The corresponding recovery percentages of U(VI) ions from the loaded FPAO were calculated as 99.08% for 1.0 M HCl and 102.8% for 0.5 M HCl, respectively. Almost all the U(VI) ions could be eluted effectively using less than 100 ml of 0.5 M or 1.0 M HCl aqueous solution. Hence, HCl solution was a highly specific eluant of U(VI) ions under the experimental conditions employed.
However, from a comparison of the elution curves, the use of 1.0 M HCl appeared to be more effective than 0.5 M HCl. Thus, at the peaks of the elution curves, the total volume of eluant amounted to 40.6 ml for 1.0 M HCl and 45 ml for 0.5 M HCl, respectively, with the corresponding amounts of U(VI) ions desorbed being 83.93 mg/g dry FPAO and 69.75 mg/g dry FPAO, respectively. The reason for this behaviour could be that 1.0 M HCl was more effective than 0.5 M HCl in rupturing coordination bonds such as O®U and N®U present in the complex formed between the U(VI) ion and FPAO, thereby freeing the FPAO molecules more effectively from U(VI) ions via the reverse of the complexation reaction discussed above. However, it should be noted that the difference between the elution efficiency of the U(VI) ion by 1.0 M HCl and 0.5 M HCl was not significant. The percentage of U(VI) ions recovered in both cases was nearly equal and approached 100%. Indeed, in terms of the quantity of HCl consumed in the actual elution process as well as the series of problems caused by disposal of waste with a higher acid content, it could be that 0.5 M HCl may be more suitable as eluant for U(VI) ions in comparison to 1.0 M HCl. Some of the elution parameters for the U(VI) ion using HCl solution are listed in Table 3 .
Influence of the column dimension on the elution of U(VI) ions
To study this effect, two kinds of column, viz. F 9.4 mm ´h 525 mm (denoted as column 1) and F 15.5 mm ´h 290 mm (denoted as column 2), were chosen for the elution of U(VI) ions. The HCl concentration and the flow rate employed in both cases were 0.5 M and 1.95 ml/min, respectively. The results obtained are shown in Figure 7 . This figure shows that as increasing amounts of 0.5 M HCl solution were added, the amount of U(VI) ions desorbed from the loaded FPAO in either column 1 or column 2 increased sharply initially and attained a maximum value in both cases when only ca. 45.0 ml of HCl solution had been added. After this point, further addition of HCl solution led to a rapid decrease in the amount eluted which quickly attained a zero value. These results are similar to those depicted in Figures 5 and 6 .
The corresponding amounts of U(VI) ion desorbed by HCl solution at the peak of the elution curve was 69.75 mg/g dry FPAO for column 1 and 59.46 mg/g dry FPAO for column 2, indicating that the elution of U(VI) ions from column 1 was better than from column 2 under the same experimental conditions. The relative elution parameters for the two columns are listed in Table 4 .
CONCLUSIONS
As a means of recovering or enriching U(VI) ions from seawater, the adsorption of the U(VI) ion onto a crosslinked fibrous polymeric material containing amidoxime chelating functional groups (FPAO) prepared by the method of the irradiation-induced graft polymerization was investigated at pH 6.0 while its elution from this material using aqueous HCl solutions was also examined. The influence of HCl concentration, flow rate and column dimensions on the adsorption and elution of U(VI) ions was studied. When the flow rate was increased from 0.95 ml/min to 3.75 ml/min in the adsorption process, the corresponding amounts of U(VI) ions adsorbed onto FPAO together with the equilibrium time necessary for the process decreased from 379.3 mg/g to 340.6 mg/g and from 41.2 h to 10 h, respectively. A column exhibiting a longer length and a smaller internal diameter was more effective for the adsorption of U(VI) ions than one of a shorter length and a larger internal diameter. Similarly, in the elution of U(VI) ions, a lower flow rate, higher HCl concentration, a longer column length and a smaller internal diameter were beneficial. When the flow rate was changed from 0.96 ml/min to 1.95 ml/min, the volume of eluant consumed at the elution peak increased from 39.0 ml to 45.0 ml while the amount of U(VI) ions desorbed decreased from 375.6 mg/g to 350.3 mg/g. The corresponding percentage recovery of U(VI) ions was basically maintained in the 99.02-102.8% region. For different HCl concentrations, the elution efficiency of 1.0 M HCl towards U(VI) ion-loaded FPAO was slightly better than that of 0.5 M HCl. 
